Immunophilins are intracellular receptors for the immunosuppressants cyclosporin A, FK506, and rapamycin. In addition to their use in organ transplantation, these natural products have been used to (23) (24) (25) . These rapamycin targets have been implicated in a signaling pathway leading to G1-S progression in the cell cycle (21, 22, 26) . Studies of other FKBP family members have generated many intriguing findings. For example, FKBP52, the other cytosolic FKBP, has been shown to be associated with two heat shock proteins, hsp70 and hsp9O, that are complexed with glucocorticoid receptor (7-9). FKBP13 is an endoplasmic reticulum (ER) protein and responds to heat shock in yeast (27, 28) . More recently, FKBP25 has been localized to the nucleus and is associated with casein kinase II and nucleolin (29). The functional significance of these molecular interactions between FKBPs and other proteins is under intensive investigation.
has been found. Like the mammalian and yeast FKBP13, the recombinant VfFKBP15 protein has rotamase activity that is inhibited by both FK506 and rapamycin with a K1 value of30 nM and 0.9 nM, respectively, illustrating that VfFKBP15 binds rapamycin in preference over FK506. The mRNA of VfFKBP15 is ubiquitously expressed in various plant tissues including leaves, stems, and roots, consistent with the ER localization ofthe protein. Levels The immunosuppressants FK506 and rapamycin inhibit different signaling pathways required for T cell activation, yet they bind to the same family of intracellular receptors, the FK506-and rapamycin-bindingproteins (FKBPs) (1) . Several mammalian FKBP members, FKBP12, FKBP13, FKBP25, and FKBP52, have been cloned and characterized (2) (3) (4) (5) (6) (7) (8) (9) . These proteins share a conserved domain for ligand binding but differ in their flanking sequences and cellular localizations, suggesting that each of the FKBP members may have a unique function in the cell. Indeed, a cytoplasmic member, FKBP12, but not other members mediates the immunosuppressive action of FK506. In the presence of FK506, FKBP12 and FK506 form a complex that binds to and inhibits the activity of calcineurin, a Ca2+, calmodulin-dependent protein phosphatase required for T cell activation (10) (11) (12) (13) (14) . In the absence of FK506, FKBP12 associates with the Ca2+-releasing ryanodine and IP3 receptors (15) (16) (17) . FKBP12 also mediates the action of rapamycin (18) . The complex formed by FKBP12 and rapamycin targets the 289-kDa protein FRAP (FKBPrapamycin-associated protein) in humans (19) and RAFT1 (rapamycin and FKBP12 target 1) (20) in rat, which are mammalian homologues of TOR1 and TOR2 (target of rapamycin) in yeast that have been genetically shown to be involved in rapamycin sensitivity (21, 22) and more recently shown to be direct target of FKBP-rapamycin in yeast (23) (24) (25) . These rapamycin targets have been implicated in a signaling pathway leading to G1-S progression in the cell cycle (21, 22, 26) . Studies of other FKBP family members have generated many intriguing findings. For example, FKBP52, the other cytosolic FKBP, has been shown to be associated with two heat shock proteins, hsp70 and hsp9O, that are complexed with glucocorticoid receptor (7) (8) (9) . FKBP13 is an endoplasmic reticulum (ER) protein and responds to heat shock in yeast (27, 28) . More recently, FKBP25 has been localized to the nucleus and is associated with casein kinase II and nucleolin (29) . The functional significance of these molecular interactions between FKBPs and other proteins is under intensive investigation.
In addition to serving as intracellular receptors for FK506 and rapamycin, all FKBPs identified thus far have peptidylprolyl isomerase (PPIase or rotamase) activity (1) . This finding led to the speculation that FKBPs may be involved in the intracellular folding of proline-containing proteins (30) , although it has proven difficult to distinguish between a folding and chaperone function. Several of the results noted above indicate that these proteins may have completely unrelated functions. To date, FKBP homologs have been found in all the organisms studied so far including bacteria, yeast, and mammals (for reviews, see refs. 1 and 31). By affinity chromatography, we have purified several immunophilins from fava bean plants (32, 33) . At least five FKBPs have been isolated from different subcellular compartments (33 tTo whom reprint requests should be addressed. e-mail: sluan@ nature.berkeley.edu.
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MATERIALS AND METHODS
Purification of VfFKBP15. Heavy membrane fraction (enriched in mitochondria and ER) was isolated from 14-day-old seedlings of fava bean plants according to RNA Blotting and Hybridization. RNA samples (total RNA isolated as described above) were separated by electrophoresis through a 1.2% agarose/formaldehyde gel and blotted onto the Zetaprobe membrane (Bio-Rad) in 0.05 M NaOH. The membrane was neutralized in 0.5 M Na2HPO4 (pH 7.2) and prehybridized in 7% SDS, 0.5 M Na2HPO4 (pH 7.2), and 1 mM EDTA for 30 min. The randomly labeled cDNA was denatured by 0.2 M NaOH for 15 min at room temperature and added to the prehybridization buffer. The hybridization was maintained at 42°C for 12 h before the membrane was washed in 40 mM Na2HPO4 (pH 7.2) and 0.5% SDS. Filters were air-dried and exposed to the x-ray film as described above.
Expression of Recombinant VfFKBP15 Protein in Escherichia coli. The cDNA fragment encoding the mature protein of VfFKBP15 was amplified by PCR and cloned in frame with glutathione S-transferase (GST) into the pGEX3x vector (Pharmacia). E. coli (BL21) cells transformed with the plasmid harboring the fusion protein construct were grown to log phase and expression of the fusion protein was induced by addition of 0.4 mM isopropyl 13-D-thiogalactoside (IPTG) to the medium. Cells were harvested 12 h after induction and resuspended into PBS buffer. Purification of the GST-fusion protein was performed essentially as described (37) . After lysis by sonication, the suspension was centrifuged at 10,000 x g for 15 min. The supematant was incubated with glutathione Sepharose 4B (Pharmacia) (2 ml bed volume per 1 liter of culture) for 30 min at 4°C on a rotating platform. The glutathione beads were washed three times with PBS and the fusion protein was eluted by 5 mM reduced glutathione in 50 mM Tris buffer (pH 8.0). The eluate was dialyzed in 4 liter of 50 mM Tris buffer (pH 8.0) for 24 h. The cleavage reaction was performed in a buffer containing 50 mM Tris (pH 7.5), 100 mM NaCl, and 2 mM CaCl2. Factor Xa (Boehringer Mannheim) was used as the endoprotease at a concentration of 0.5-1% (relative to the amount of fusion protein in the reaction). After incubation for 5 h at 25°C, the reaction mixture was loaded on a glutathione Sepharose column. The GST, uncleaved fusion protein, and other glutathione-binding contaminants were retained on the column and the pure recombinant VfFKBP15 protein was retained in the effluent.
Rotamase (PPIase) Assays. The rotamase activity of the recombinant VfFKBP15 was determined using several synthetic peptides as substrates (see Table 1 ) in a two-step, coupled reaction involving chymotrypsin as described (30) . All assays were performed in 1.5 ml samples that contained 50 mM Hepes (pH 7.9), 60 ,M substrate peptide, 100 nM VtFKBP15, and varying concentrations of FK506 or rapamycin as needed. The reactions were initiated by adding 3.5 mg of chymotrypsin (Sigma) and were monitored by measuring absorbance at 408-412 nm for 10 min with a UV-visible spectraphotometer. Data analyses were performed according to the programs written by Standaert (38) .
Other Methods. Plant DNA was isolated as described (39) . DNA gel blot analysis and hybridizations for Arabidopsis library screenings were carried out according to standard procedures (36) using 10% Dextran sulfate (Sigma) in the hybridization solution. High stringency hybridization was performed at 65°C and membranes were washed with 0.1 x SSC subsequently. For low stringency hybridizations, the conditions were 55°C and 2x SSC. Two Arabidopsis cDNA libraries previously described (40, 41) have been screened to obtain all the different cDNAs for AtFKBP15. DNA sequencing was performed on ALF using the AutoRead Sequencing Kit (Pharmacia) or radioactively using Sequenase II (United States Biochemical). Nucleotide and amino acid sequences were analyzed using the Genetics Computer Group (Madison, WI) program (42) and LASERGENE software (DNAstar, Madison, WI). Databases were searched using the FASTA and BLAST programs. Detailed pairwise comparison of amino acid sequences was done using the BESTFIT program.
RESULTS
A Membrane-Associated FKBP from Fava Bean. In a previous report (33) , we purified five FKBP proteins from fava bean leaves, pFKBP12, pFKBP13, pFKBP18, pFKBP25, and pFKBP55. We have since scaled up the purification and obtained amino acid sequences from purified proteins. In the heavy membrane fraction, only one major FKBP running at 18 kDa was detected by SDS/PAGE after affinity chromatography (Fig. 1 
TTC ATC ATT GCA TCA GCA TTA GTT GCT GC AAG AGT GCT GCT GAT GTA ACG GAG TTG CAG 180
ATT GGC GTT AAG TAT AAA CCAC GA TCA TGT GAA GTC CAG GCA CAC AAA GGC CAT AAA GTG 240
AAT AGT CCG ATT GAT m CAG CTT GGT GGT GGT CAA GTG ATC AAA GGA TGG CAC CAA GGA 360
CTT GTG GGA GTG AAC GAC AAA AGC TTA AGC GAA GAA AAA TCA ACC TCG TCC GAA CTG TAG 540 Fig. 2 (Fig. 3) . The To further support this hypothesis, we have performed Southern blot analyses using the two cDNA inserts as probes. High stringency blots have shown that each cDNA corresponds to a single copy gene (Fig. 4A ). Low stringency blots have shown cross hybridization between AtFKBP15-1 and At-FKBP15-2. Comparing the hybridization pattern of the high and low stringency blots, we believe that AtFKBP15 gene family contains only two members. In support of this notion, low stringency hybridization of Arabidopsis Southern blots using the VfFKBP15 cDNA only detected the two AtFKBP15 genes (data not shown). Although only one VfFKBP15 cDNA is described in this report, Southern blot analyses at low stringency also revealed at least two related genes in the fava bean genome. This is the first case reported that a FKBP13 protein has two or more isoforms adding the diversity to FKBPs even with same subcellular localization.
After performing data base searches with the cloned cDNAs from fava bean and Arabidopsis using the BLASTX algorithm, we identified several expressed sequence tag (ESTs) fromArabidopsis (GenBank accession nos. Z29801, H36517, H37484, and T46524), rice (GenBank accession nos. D24714, D23147, and D39710), and Brassica napus (GenBank accession nos. L33522 and L33547). ESTs is shown in Fig. 4B . Because the ESTs represent only partial sequences of cloned cDNAs, it is not possible to determine whether the identified ESTs would encode a protein with an ER retention signal. However, the highly conserved amino acid sequences among the ESTs and the identified pFKBP15 from fava bean and Arabidopsis (Fig. 4B) Fig. 1 .
Using the purified VfFKBP15 protein sample, we performed rotamase assays. As shown in Fig. SB , VfFKBP15 has rotamase activity comparable with the mammalian and yeast FKBPs and showed strong preference for substrate peptides with a hydrophobic amino acid linked to the proline residue ( Table 1 ). The natural ligands of VfFKBP15, FK506 and rapamycin, inhibit the rotamase activity with a Ki value of 30 nM and 0.9 nM, respectively (Fig. SC) . This indicates that rapamycin binds to VfFKBP15 with a much higher affinity than FK506.
Ubiquitous Expression of VfFKBP15 mRNA. To determine the expression pattern of pFKBP15, we isolated mRNA from etiolated and green leaves, roots, and stems. Northern blot analysis has shown that pFKBP mRNA levels are similar in all tissues analyzed (Fig. 6) . During the purification of pFKBP15 protein from fava bean plants, we have noticed that leaf and root tissues produced a similar level of pFKBP15 protein (33) . The ubiquitous expression pattern is consistent with the possibility that pFKBP15 is localized in the ER.
Transcript Level of pFKBP15 Is Elevated by Heat Shock Treatments. All FKBP proteins identified so far possess PPIase activity that is involved in protein folding processes. Chaperonins are another family of proteins involved in protein folding and their expression is often regulated by environmental stress such as heat shock (45) . To test whether expression of VfFKBP15 in fava bean is responsive to heat shock, we transferred the plants to heat shock conditions as described (46, 47) . After heat treatments, mRNA levels of pFKBP15 in the control and treated roots were analyzed by Northern blot hybridization. As shown in Fig.  7 , heat shock significantly increased the accumulation of the VfFKBP15 transcript (4-to 5-fold). This finding is consistent with the situation in yeast where the transcription of FKBP13 (FKP2) gene is also induced by heat shock (28) . DISCUSSION In the presence of their drug ligands, immunophilins form receptor-drug complexes that target specific molecules such as calcineurin and FRAP/RAFT1, components in a number of signal transduction pathways including those required for T cell activation and cell cycle progression (10, 18) . In the absence of the drugs, immunophilins possess an intrinsic PPIase activity involved in protein folding pathways (29) . However, recent studies on these proteins have generated a number of intriguing findings, implicating immunophilins in other unknown cellular functions (15) (16) (17) .
Our recent studies have demonstrated that higher plants produce immunophilins and contain signaling pathways senBiochemistry: Luan et al. sitive to immunosuppressants (32, 33) . As a first step to understanding the cellular function of immunophilins and to further dissect the immunosuppressant-sensitive pathways in higher plants, we have characterized a plant FKBP at the molecular level. This FKBP member, VfFKBP15, was purified by its specific binding to a FK506 affinity column (Fig. 1) . A corresponding cDNA was isolated according to the peptide sequence obtained from the purified protein. The cDNAdeduced protein contains a signal peptide for ER translocation and a putative ER-retention sequence at the carboxyl terminus. In addition, the mature protein is most similar to the FKBP13 from mammalian and yeast systems that is localized in the ER compartment. We believe that the plant FKBP15 is a functional homolog of FKBP13 in other organisms and localized in ER. This is consistent with the fact that VfFKBP15 was purified from the heavy membrane fraction (enriched in ER and mitochondria) of fava bean plants.
In contrast to the situation in mammalian and yeast systems in which only one FKBP13 gene has been found, plants contain a small gene family encoding two highly homologous isoforms of pFKBP15. FromArabidopsis, we have cloned two homologous, yet distinct, cDNAs for pFKBP15 (Fig. 4A ). In the EST data base, there are also two different ESTs corresponding to two isoforms of pFKBP15 from rice. In our previous studies (33) FKBP15-2 has an insertion in the carboxyl-terminal domain of the protein.
The amino-terminal deletion in AtFKBP15-1 spans four hydrophobic amino acids and the carboxyl-terminal insertion in AtFKBP1-2 corresponds to nine highly hydrophilic amino acids (Fig. 3 ). Structural analysis of the two proteins may provide insight into the possible functional divergence of the two isoforms. The striking similarity of the amino acid sequence of pFKBP15 to sequences of other FKBPs from diverse sources (40-60% identity) suggests that FKBPs are conserved among organisms ranging from bacteria, yeast, plants, and animals. The conservation of the FKBP proteins is also reflected by the rotamase activity that they have retained during evolution. This enzyme activity is potently inhibited by their natural ligands, FK506 and rapamycin. We note that most FKBP members bind rapamycin more tightly than FK506. For example, mammalian FKBP12 has a two-fold higher affinity for rapamycin than for FK506. A unique FKBP member, FKBP25, has recently been characterized from mammalian cells to preferably bind rapamycin over FK506 with a more than 150-fold higher affinity for rapamycin than for FK506 (4) . By using the rotamase inhibition assay, we have found that rapamycin (Kd = 0.9 nM) is a more potent inhibitor of VfFKBP15 than FK506 (Kd = 30 nM), suggesting that VfFKBP15, like FKBP25, preferably binds rapamycin over FK506. Yeast FKBP13, the FKBP member to which pFKBP15 is most highly homologous, also binds rapamycin (Kd = 0.7 nM) in preference over FK506 (Kd = 8.3 nM) (27) . In comparison to the core sequences of these FKBPs, we cannot draw conclusions about the sequence(s) that may confer the ligand discrimination to FKYBP25, pFKBP15, and FKBP13. Insights into this issue must await structural analyses of FKBPs and of the receptor-ligand complexes formed by the FKBPs and their two ligands.
The fact that FKBPs are present in almost every compartment of the cell is consistent with the possible role of FKBPs in protein folding pathways. The heat shock-responsive expression of VfFKBP15 mRNA also supports this hypothesis. 1 Another group of proteins that are regulated by heat shock are molecular chaperones (45) . Significant similarities are found in the expression pattern, distribution, and conservation of members of heat shock proteins and FKBP families. Both are highly expressed and are present in virtually all cellular compartments. Each family has members that are induced by heat shock, suggesting a role under stress conditions. Proteins from both families are found in organisms ranging from bacteria to mammals and have amino acid sequences that are highly conserved. In fact, a 59-kDa FKBP has been found to associate with hsp7o and hsp90 in the unactivated estrogen receptor complex (7) (8) (9) . Studies of the functional significance of this association will provide further information on the relationship between hsp70, hsp9o, and immunophilin proteins.
We have previously demonstrated that higher plants contain immunosuppressant-sensitive signaling pathways (32) , suggesting the conservation of immunophilins and their targets among eukaryotic systems. Molecular characterization of plant FKBPs will provide useful tools for further dissecting signal transduction pathways including Ca2+-dependent signaling and cell cycle control in higher plants. In addition, results reported here will allow further investigation of FKBP functions in plant cells.
